We report the readout of three-dimensional ͑3D͒ optical memory in silica by detecting the photoluminescence ͑PL͒ of the bits ͑voxels͒. A broad defect-related PL band at 400-700 nm was excited by two-photon absorption of femtosecond ͑pulse duration of 120 fs͒ illumination at 795 nm. We employed a simple reflection-type scanning readout without the use of a confocal detection scheme to read 3D memory by recording the PL of the bits ͑the same objective lens was used for the excitation and the collection of the PL͒. Bit plane separation as small as 3 m was resolved without cross talk, when the theoretical limit of the axial resolution evaluated as a full-width at half maximum measure of a bit size was 1.4 m at the fabrication conditions employed. © 2000 American Institute of Physics. ͓S0003-6951͑00͒00327-2͔
The advantage of a layered three-dimensional ͑3D͒ optical memory 1-3 over conventional memory based on 2D recording would be the possibility of stacking the bit ͑voxel͒ planes without an increase in the memory size per area ͑a digital memory is under consideration͒. However, the 3D spatial-frequency band of the writing optics does not necessarily overlap with that of reading capability, depending on the transmission or reflection readout scheme employed. 4 This imposes specific requirements for the readout to achieve high contrast and to avoid cross talk between adjacent planes. Recently, it was demonstrated that the confocal reflection-type readout could be applied to layered optical memory when the reading wavelength is larger than the writing wavelength, w Ͼ r , and when objectives with high numerical apertures ͑NAϾ1͒ are used for writing and reading. 5, 6 Two-photon absorption ͑TPA͒ readout has the possibility of spatial ͑3D͒ confinement of excitation with a higher resolution than that made by linear excitation. 7 The writing of the bits in a multiphoton absorption ͑MPA͒ has the advantage of potential modification of the recording media locally at any chosen position, and the size of an optically altered region can be even smaller than the diffraction limit imposed by the focusing objective lens used for recording. 8, 9 Femtosecond ͑fs͒ laser pulses are a prospective tool for 3D fabrication, since they can excite material by MPA due to the high light intensity and photomodification can be achieved in single-shot irradiation. 10 Also, the size of a photomodified region is well defined and reproducible in the case of fs fabrication, since the build up of stress is not taking place due to the comparatively low energy fluence and nonthermal character of the interaction. By contrast, temperature-induced stress is a common cause of fracture during fabrication with longer laser pulses.
Recently, we demonstrated the possibility of reading 3D memory in silica by recording the photoluminescence ͑PL͒ of the bits and the erasure of PL by annealing. 11 The PL was excited by linear absorption, and thus a free 3D access of the bits' excitation was impossible without significant cross talk between the adjacent bit planes. Here we demonstrate that the readout of 3D memory in silica can be accomplished by the recording of PL excited in TPA. The reflection-type readout was used without a confocal detection scheme at the same wavelength of PL excitation as that used in the recording.
We used an objective lens with high magnification, 100ϫ, and a high numerical aperture, NAϭ1.3, for the 3D writing of optical memory bits in silica and for their readout. Writing took place via MPA-induced microexplosions at irradiation points in the silica ( w ϭ800 nm or 1.55 eV; the band gap of silica is ϳ8 eV͒. A single bit was written by a single shot of 77-150 nJ of energy ͑the corresponding fluence is 17-33 J/cm 2 ), and the pulse duration was 120 fs. The intensity was optimized to write the most spherical bits with a high contrast of 50%-70%, as judged by microscopic observation ͑transmission imaging͒. A detailed description of the experimental setup for the 3D writing inside silica is presented elsewhere. 10 As recording media, we used a highpurity, low-OH-content ͑less than 10 ppm͒ vitreous silica ͑ED brand, Nippon Silica Glass Co.͒. For the readout we employed the same objective lens as was used for the writing and the same illumination wavelength to excite PL of the damaged bits by TPA. The backwards directed part of PL was detected during the sample's scanning. This scheme is called a reflection-type scanning readout. The fabrication and PL mapping were carried out on the two different Nikon microscopes ͑Optiphot-2 and Diaphot-300͒ and the corresponding transmission of the microscopes are given where it applies. The pulse energy used for the PL excitation was lower by a factor of 10 5 than that of writing, and the repetition rate was 82 MHz. The typical sample scanning speed was 10 m/s in PL mapping measurements. This corresponds to a multishot illumination of the bit, which was ϳ1 m in diameter. PL was filtered by an appropriate set of dichroic mirrors and interference filters to pick up the PL band at 400-700 nm.
Two planes of bits were recorded precisely in the middle of a 200-m-thick silica plate. The lower plane ͑nearest to a͒ Author to whom all correspondence should be addressed; electronic mail: misawa@eco.tokushima-u.ac.jp the objective lens͒ had twice as many bit lines ͑Fig. 1͒. Separation of 4 m between planes was enough to exclude cross talk in a transmission image, while separation of 2-3 m showed gradually poorer resolution ͑Fig. 1͒. The absorption spectra of optically damaged silica ͑Fig. 2͒ showed a distinct band of oxygen vacancy, V o , absorption at 250 nm, and a weaker broad band at 400-700 nm. This particular band was found to be responsible for the equally broad PL of the damaged area ͓Fig. 3͑a͔͒ when excited in TPA of 795 nm illumination. The two-photon character of this excitation was proved by the PL intensity dependence on the excitation intensity ͓Fig. 3͑b͔͒ at the maximum PL at 550 nm. The secondary optical damage was inflicted when the irradiation power was over 200 mW ͓dashed area in Fig. 3͑b͔͒ . We employed a reflection-type scanning readout to obtain the PL maps of the bit planes. The TPA nature of excitation allowed us to obtain cross-talk-free images of two planes separated by just 3 m without an implementation of confocal detection ͑Fig. 4͒. The implementation of a confocal scheme can further improve the lateral and longitudinal resolutions by a factor of 1.4, 12 but such a detection scheme is less practical and more complex from an application point of view.
The same illumination-reading optics of reflection-type registration allowed us to minimize the noise, since the same sample volume and boundaries are encountered in the light pass. The 3D memory bit has typically submicrometer dimensions ͑lateral and longitudinal/axial͒. Even the bits smaller than the diffraction limited spot, 1.22 w /NA, can be written. 8 The axial bit size governs separation of the bit planes and can be calculated as a full-width at half maximum of the axial light intensity distribution, and is given by z ϭ2n w /NA 2 for aberration-free optics and spectrally narrow pulses ͑on a time scale such pulses are scale longer than a few picoseconds͒, where n is the refractive index of the medium in which the recording was made (zϭ1.4 m with nϭ1.5 for silica and w ϭ800 nm͒. Storage densities as high as 0.8 Tbit/cm 3 are achievable ͑volume per bit 0.6ϫ0.6ϫ3.5 m 3 ) in silica at w ϭ800 nm. 9 This density is approaching the theoretical limit of Dϭ1.19ϫ10 12 bits/cm 3 at w ϭ800 nm as can be calculated from D w ϭ6.8ϫ10
Ϫ2 NA 4 / w 3 , which is a product of lateral and axial bit densities derived from the 3D intensity distribution in the diffraction pattern of a round aperture. 13 The increase of NA is evidently the most FIG. 2. Absorption spectra of optically damaged silica at 2ϫLIDT ͑1͒ and 3ϫLIDT ͑2͒, where the light-induced damage threshold ͑LIDT͒ϭ0.3-J/ pulse and the irradiation wavelength was 795 nm. Spectra are corrected for an undamaged part of optical density, which was subtracted from the spectrum. LIDT was determined at the entrance of the microscope. The overall transmission of the microscope at 795 nm was 24.8%. Spectra are collected from the 4ϫ4 mm 2 area, where one plane of the optical damage sites ͑bits͒ was written inside silica with 3-m intrabit separation.
FIG. 3.
A single-bit photoluminescence spectrum ͑a͒ was excited by twophoton absorption and the power law of PL at 550 nm ͑b͒. The arrow indicates an excitation wavelength of 795 nm ͑a͒; the gray area depicts the transmission profile ͓right axis on ͑a͔͒ of the dichroic mirror for 800 nm together with the corresponding absorption filter, which are passed by the PL inside the microscope during detection. An average power of Pϭ10 mW at the entrance of the microscope at f ϭ82 MHz corresponds to the 122 pJ/pulse energy or IϭTP/͕ f ͓(d 2 )/4͔͖ϭ37 GW/cm 2 intensity per pulse at the irradiation point. Here, the irradiation area was defined by the Airy disk diameter dϭ1.22/NAϷ746 nm and the microscope transmission with pulse duration were evaluated as Tϭ0.2 and ϭ150 fs, respectively. ͑c͒ the excitation spectra of 550 nm PL measured from the sample, which absorption spectra is given on Fig. 2 by curve 1. efficient way to gain storage capacity. The dependence of D w on the employed wavelength of fabrication, w , does not directly define the eventual size of the bit. In our previous study of the PL erasure by annealing 11 we utilized w ϭ400 nm, but the bit size was similar. Actually, the microexplosion governs the eventual size of the bit and is not directly w dependent. The origin of the PL of optically damaged silica is not precisely known. In the case of tightly focused fs illumination in silica the issue is even more complex due to the generation of white continuum and subsequent PL. Recently, we pointed out that the usual explanation of the PL band at 470 nm as being due to the triplet (T 1 ) -singlet (S 0 ) transition of the V O does not fit the experimental observation of stretched-exponential decay over tens of nanoseconds.
14 Electron spin resonance data on the paramagnetic defects in optically damaged silica corroborated the model of oxygen interstitials O i and (O 2 ) i generation along with defects such as EЈ, peroxy radicals, peroxy linkage ͑no PL related to these centers is reported͒, and a nonbridging oxygen hole center ͑PL at 650 nm͒. 15 Most recently, the formation of the O 3 in photon-irradiated silica is proved taking place by the reaction O i ϩ(O 2 ) i . 16 Stretched-exponential decay observed at a 450-650-nm spectral window implies that the PL originates from recombination of the electron-hole pairs separated by variable distances. Most probably, the separation is taking place on the Frenkel pair of the optically induced defects. This defect-related PL is strong due to the extremely high density of the defects at the vicinity of the bit, where optical damage is induced. The density of V O can reach well over 10 19 cm 3 ͑the micrometer-sized area around the bit is considered as a source of PL͒. 8 At the defect concentration, when the free path of a photoexcited electron is comparable to the intradefect separation, the PL was found polarized in the plane of polarization of excitation in Ge-doped silica. 17 This is perpendicular to the expected directionality of a dipole radiation. The defect-related PL can be excited along the polarization of excitation.
In conclusion, we have demonstrated experimentally that a reflection-type readout system is suitable for the readout of optical memory in silica. TPA was employed to excite a defect-related PL band at 400-700 nm, which was used for the readout. A cross-talk-free readout was obtained for bit planes separated by just 3 m, when the theoretical limit was 1.4 m. By taking into account unavoidable optical aberrations and spectrally broad fs-fabrication pulses, we can consider approaching the highest staking densities of planes possible. Defect engineering in glasses could help to develop practical 3D optical memories based on the PL properties of such glasses. FIG. 4 . PL maps of the lower ͑a͒-͑c͒ and upper ͑b͒-͑d͒ layers in silica. PL was excited by two-photon absorption of 795-nm illumination. Intraplane separation was 2 m ͑a͒ and ͑b͒ and 3 m ͑c͒ and ͑d͒. No confocal PL registration scheme was employed. The PL images are presented on the same intensity scale, which in the photodetector ͑a multichannel plate photomultiplier tube͒ voltage is from Ϫ10.0 to ϩ9.8 V.
